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Hard p-p collisions

hard pQCD vertex

parton distribution functions

fragmentation functions

d� N N ! h+ X =
X

f ij k

f i=N (x1; Q2) 
 f j =N (x2; Q2) 
 �̂ ij ! f + k 
 D vac
f ! h (z; � 2

f )



Hard Au-A u collisions

hard pQCD vertex hot and dense medium

nuclear pdf's

fragmentation functions

energy loss

d� AA ! � + X
med =

X

f

d� AA ! f + X
vac 
 Pf (� E ) 
 D vac

f ! � (z; � 2
F )

d� AA ! f + X
vac =

X

ij k

f i=A (x1; Q2) 
 f j =A (x2; Q2) 
 �̂ ij ! f + k



Evidence I: Nuclear Suppression Factor

RAA (pT ; y) =
d2N AA =dpT dy

TAA (0)d2� N N =dpT dy
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Suppressionby:
� downward shift
(somepartons absorbed)
� sideward shift
(all partons losesome� E)
) RAA can't distinguishwell

T. R. and J. Ruppert, Phys.Rev.C 72 (2005) 044901



Evidence I I: Angular Correla tions

For hard > 6 GeVtrigger and semi-hard � 1 GeVassociate hadrons:

� NLO fragmentationbuildsnear sidejet cone
� acoplanarity (intrinsic kT /NLO pQCD) widensaway sideconein p-p and p-A
� energylosscausesaway sideconeto disappear in A-A



Evidence I I I: Angular Correla tions

For semi-hard � 2:5 GeVtrigger and semi-hard � 1 GeVassociate hadrons:

)f
D

(d
i-j

et
)/

d(
A

B
 d

N
A

 p
ai

rs
 p

er
 tr

ig
ge

r:
 1

/N

 (rad)f D
0 0.5 1 1.5 2 2.5 3

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
(e) 40-60%

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
(c) 10-20%

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

(a) 0-5%

 (rad)f D
0.5 1 1.5 2 2.5 3

(f) 60-90%

(d) 20-40%

(b) 5-10%

� NLO fragmentationbuildsnear sidejet cone
� central collisions:dip at expectedposition of away sidejet
� position of correlation maximumconsistentwith Mach shock
S. S. Adler et al. [PHENIX Collaboration], nucl-ex/0507004



Evidence IV: Angular Correla tions

For hard > 8 GeVtrigger and hard > 4 GeVassociate hadrons:

� clear jet coneswith vacuumwidth
� near sideLO fragmentation: ! trigger
� away sideLO fragmentation: ! signal
� jet quenching:changein the yield per trigger of the away sidepeak

How can we understandthis pattern?

J. Adams[STAR Collaboration], nucl-ex/0604018.



A tent ative picture

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � �

x
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'near side'

'away side'

properties of the medium

properties of the parton

� strength and angleof Mach correlations: property of the bulk (uid) medium
� strengthand angleof near side,dijet: property of the hard parton + fragmentation
� di�erent scalingwith ptr ig ger () apparent absenceof conesfor hard trigger)

Mach structures cannot be seen beyond the validity of the hydro description,
regardlessof trigger energy.



Theor y: Ener gy loss into the medium

Energylossprobability (Wiedemann/Salgado):P(� E ) = P(! c; (q̂L ))

! c(r 0; � ) =
Z �

0
d� � q̂(� ) and (q̂L )( r 0; � ) =

Z �

0
d� q̂(� )

q̂ = c~� 3=4
�

p(� ) + [� + p(� )]
� 2

?

1 � � 2
?

�
and h� E i =

Z 1

0
P(� E )� Ed� E

Assumefraction f of lost energyh� E i excitesshockwavewith dispersionrelation

E = csp with cs = @p(T)=@� (T) from EOS ) � = arccos

R�
� E

cs(� )d�

(� � � E )

Soundpropagatesin the (locally moving) uid

) boost with local o w rapidity

C. A. Salgadoand U. A. Wiedemann,Phys.Rev.D 68, 014008(2003)



Transverse flo w

Strong distortion in position
space:
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t  = 2 fm/c
t  = 5 fm/c
t  = 10 fm/c
t  = 15 fm/c
t  = 20 fm/c

Measurementis madein momentumspace:

E
d3N
d3p

=
g

(2� )3

Z
d� � p� exp

�
p� u� � � i

Tf

�

flow and shockwave
are aligned

flow and shockwave
are perpendicular

At 1 GeV,a Mach signalonly appears if shockwaveand o w are aligned

T. R. and J. Ruppert, Phys.Rev.C 73, 011901(2006)



Monte Carlo sampling of trigger conditions

Near side:
� hard parton energy(and type)
) parton spectra from VNI/BMS PCM (semi-hard trigger) or pQCD (hard trigger)
) vertexsamplingfrom nuclear overlap
) probabilistic � E dependenton in-mediumpath
! checkagainstnear sidetrigger threshold

Away side:
� intrinsic kT

) chosensuchthat d-Au width of far sidepeak is reproduced
) far sideprobabilistic � E dependenton in-mediumpath
) near and far side(N)LO fragmentation
! good descriptionof hard dihadronyields(alas,anothertalk. . . )

Containsall information on trigger bias,pathlengthdistribution, nuclear density. . .

cf. T. R., hep-ph/0602045



Rapidity str ucture of the cone

Problem: If trigger is at midrapidity, P(y) on the away sideextendsfrom -2 to 2
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f = 1.22 = 70 degrees

PHENIX

STAR

away side cone

Mach cone

Cherenkov region
(momentum dependent)

) Why would there be any angular structure left?



Rapidity str ucture of the cone

� shock wavepropagateswith cs(T) relative to the medium
) spatial position as solution of

dz
dt

=
u(z; R; t) + cs(T(z; R; t))
1 + u(z; R; t)cs(T(z; R; t))

�
�
�
�
z= z( t )

) longitudinal o w �eld at zf inal determinesboost in momentumspace

Signi�cant elongationof the ring (! ellipse)in rapidity space

� measurementdetectsmomentumtransverseto the beamaxis
) no contribution for the longitudinal component of the shockwavering

) The Mach angleremainsobservableunder theseconditions

Not so if signaldoesn't propagatein the medium!
Seriousproblemfor jet bending,Cherenkov emission.. . !



Resul ts

The averageangleis sensitiveto the speedof sound
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Dip at 0 degrees, excitation of shock must be very e�cient

T. R. and J. Ruppert, Phys.Rev.C 73, 011901(2006)



pT -spectra

For 5 GeVenergylossfrom a hard parton, spectral changeas a function of angle:
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Sizeablee�ect on the spectrum



Summary

Angular hadroncorrelationsfor (semi-) hard triggersemergenaturally from

� excitation of hydrodynamicalshockwaves
� hard punchthrough+ fragmentation

with di�erent excitation function for rising trigger energy!

Due to P(y) of the away sideparton: Large anglecorrelationsonly visibleif

� signalmovesrelative to o wing medium

) problemfor other explanations!

Mach shocks survivechallengesposedby the data so far ) direct accessto cs


